T HIS PAPER PRESENTS an analysis of standard strength calculations for pipelines using allowable stresses and limit states, based on the quantitative determination of safety factors according to yield strength and ultimate strength and developed from decades of practice both in Russia and abroad. A new scientific background for design analysis and substantiation for safety factors is presented, quantitatively taking into account all basic operational, technological, and construction factors, including the effects of ageing, the degradation of pipe steels and pipes, and the formation and development of dangerous damage and defects (caused by corrosion and by erosion).
I
N THE SECOND HALF of the 20th century and the beginning of the 21st, both in Russia and abroad, extensive systems were created for pipeline transport of hydrocarbons, including trunk and field oil, gas, and other products pipelines. One of the largest pipeline systems is currently in operation in Russia (Table 1 ) has a total length of more than 500,000 km.
For many decades, the engineering, construction and operation of pipelines was based predominantly on strength criteria [1] [2] [3] . In turn these criteria -in the form of the GOST state standard (applicable across the CIS), the OST industry standard, the SNiP construction regulations and rules, the RD guidelines, the TR technical regulations, the FNiP federal standards and rules, and the MR procedural recommendations -were based on:
• classical strength theories (1: maximum normal stresses σ max ; 2:
maximum strain e max ; 3: maximum tangential stress τ max , 4: maximum distortion energy V max ); • analysis of calculated operational nominal stresses σ n op using material strength, rod, plate and shell theories; • the use in calculations of allowable stress [σ] or ultimate resistance R u ; • the basic mechanical properties of pipe steel, which determine its resistance to plastic strain, rupture, and buckling.
Currently, the conditions for pipeline strength can be expressed in a generalised form ( is the maximum calculated nominal stress for the most dangerous operational conditions (taking into account internal and external pressure p, axial force N, bending moment M b and torsional moment M t at a dangerous crosssection and dangerous point);
σ lim is the dangerous (limit) stress, as defined by data from tensile (compression) testing of standard samples at the stages of initial yielding (with yield strength σ y ), of reaching its strength limit (with ultimate strength σ u ) or at the start of buckling (critical stress σ bck ); N = N x, the longitudinal force along the x-axis M by , M bz , bending moments about the y-and z-axes M t = M x , the torsional moment about the x-axis n σ = safety factor (≥ 1) δ = pipe wall thickness D = pipeline diameter (external, internal, or average) E = Young's modulus µ = Poisson's ratio R b = radius of the pipeline axis bend
The engineering definition of stresses σ n op max as the function F s in Equn 1 is the initial independent aim of solving boundary-value problems: the analysis of nominal stress-strain states in complex operative modes of structural and operational loading at all stages in the lifecycle of pipes and pipelines.
The following parameters are used as dangerous stresses σ lim in Equn 1, according to the static tensile stress-strain curve of a smooth standard sample (Fig.2) in the range σ -e (without taking into account the reduction in cross-section area, and the increase in sample length) [4] [5] [6] :
• In the yield zone: yield strength σ y as the ultimate resistance to elastic strain -the proportionality limit σ pr , the physical yield strength σ y at the yield plateau, the offset yield strength, which corresponds to the attainment of a given plastic strain (e.g. 0.2% -σ 0.2 ) or of a given elasto-plastic strain (e.g. 0.5% -σ 0.5 or 1% -σ 1.0 );
• In the zone of limiting stresses: the strength limit -ultimate strength σ u as the maximum engineering stress at the stage of loss of plastic strain uniformity and necking during tension.
The design plastic (e p = 0.2%) and elastoplastic (e = 0.5% and e = 1%) strains for modern pipe steels are substantially less than the elongation δ f at rupture. In connection with this, for pipe steels
The insertion into the calculation by Equn 1 of stresses σ dan in the form of the above-mentioned characteristics allows the mechanical properties in three dangerous limit states to be excluded:
• the beginning of yielding and the formation of plastic strains (σ pr , Then in accordance with Equn 1, the allowable stress [σ] should be minimal:
Since in the first two limit states σ y ≤ σ u for pipe steels work-hardening in the elasto-plastic range, then the factors are n y ≤ n u . In the third limit state, two design cases are possible:
• σ bck ≤ σ u , and therefore n bck ≤ n u • σ bck ≤ σ y , and therefore n bck ≤ n y
In order that calculations of pipeline strength in limit states comply with national regulations, using design resistances R y (plastic strain development not allowed) and R m (rupture not allowed), the allowable stresses for strength calculation in a circular direction constitute:
where: m is the service conditions factor K f is the functional safety factor K 1 is the material safety factor n is the load safety factor
The allowable stresses for calculating the stress-strain behaviour of the material in the longitudinal direction for buried pipelines are:
and for above-ground pipelines:
where K 2 is the material safety factor.
When calculating the strain capacity, reduced stresses are determined, as opposed to allowable stresses. Where there are compressional longitudinal stresses, the stress intensity is taken as the reduced stresses, and where there are longitudinal tensile stresses, longitudinal stresses are used.
For linear sections of buried pipeline, and sections elastically bent during construction, and where longitudinal and lateral pipeline displacement, subsidence, and soil heaving are absent, the longitudinal stresses can be determined by taking into account elasto-plastic straining.
From Equns 2 and 3a, it follows that factors n y and n u for calculations of allowable stresses are linked to factors m, n, K 1 , K f in Equn 3a for calculations by the limit states:
By definition, the safety factors n y and n u , and the stability factor n t from Equns 2-4, reflect the role of uncertainities, inaccuracies, lack of knowledge, and responsibility in pipeline systems.
On the basis of strength and stability calculations using Equn 1 and with the use of Equns 2 and 3, for a pipeline with given p, N, M b , M t , R u , and D, the largest wall thickness δ is selected based on the minimum ratio of yield strength σ y and ultimate strength σ u to n y or n u with the subsequent correlation of stability by σ fin and n fin .
Equation 2 determines the area of allowable stresses given pipeline strength calculations ( Fig.1 ). The corresponding factor values are cited in regulations [2] ( Table 2) .
Trends in the improvement of calculation methods and the management of mechanical properties in pipe steels
Over the long-term period which has been examined, the predominant trends in the development of pipeline transport, both in Russia and abroad, taking into account Equns 1-4 were -and remain at present (Fig.3 ) -the following three tendencies [4] [5] [6] :
• the increase of pipeline diameters D (from 250-300 mm to 1200-1400 mm) and pressure p (from 20-25 atm to 140-160 atm) • the enhancement of mechanical properties of pipe steels: yield strength σ y (from 200-250 MPa to 600-800 MPa) and ultimate strength σ B (from 400-450 MPa to 700-900 MPa) • the lowering of safety factors n y (from 1.8-3.2 to 1.2-1.5) and n u (from 2.4-3.5 to 1.6-1.8).
During the first stages of pipeline system development , unalloyed carbon steels (with carbon content 0.22-0.35 %) were predominantly used with the safety factors n y and n u the highest of those indicated above, and with the parameters p, D, σ y and σ u at their lowest. In these conditions, the determining factors in calculating pipeline wall thickness δ were found to be the factors n y and yield strength σ y , which gave lower values of allowable stresses [σ] according to Equns 2 and 3.
The understanding established in those years about the decisive role of increasing the yield strength σ y in pipe steels led to metallurgists, technologists, and constructors trying by all means and methods available to reduce pipeline material consumption by increasing the yield strength σ y (by alloying the steels, thermomechanical processing of plates and pipes while simultaneously lowering the design factor n y ). The same approach was characteristic in the development of general mechanical engineering, energy systems, the petrochemical industry, transport, and construction.
As development of these systems accelerated from the 1960s on, lowalloyed steels, low-carbon low-alloyed steels, and low-alloyed heat-treated steels were successively adopted.
This pursuit, which was not supported by the necessary scientific evidence, had by the period 1960-1970 already led to the following problems:
• substantially increased damage rate in structures such as boilers and high-pressure and hightemperature pipelines in thermal power engineering, as well as loadbearing structures in civil and industrial engineering;
• extensive brittle fractures and buckling in trunk pipelines.
A generalized analysis of the damage and ruptures at various facilities (including those working under high pressure) demonstrated that material science, engineering, and technological solutions, connected with increasing σ y and reducing n y , were insufficient for preventing largescale incidents. It became clear that within the framework of established engineering practice, calculations geared towards establishing independent safety factors n y and n u and basic strength characteristics σ y and σ u were accompanied by danger to the functioning of the pipeline system.
One of the main problems was the comprehensive interconnected analysis of determining parameters of the safety margins n s , n y , and n u , and the mechanical properties σ y and σ u in Equns 1-4. According to Equns 2 and 3, the minimum allowable stresses [σ] give a limiting quantitative correlation between these parameters:
The reduction in the values of the safety factors n y and n u requires taking into account the ratio σ y /σ u which, in accordance with Fig.1 , characterizes the degree (or modulus) of pipe steel work hardening in the elasto-plastic domain beyond the yield strength σ y . For the majority of pipe steels actually in use, the ratio σ y /σ u increases due to predominant growth of σ y , while σ y and u increase in the steels that are improved by available strengthening methods (Fig.4 ).
In the nomenclature and types of previously used pipe carbon steels with lowered yield strength (Figs 1 and 2) σ y (less than 300 MPa) and the ratio σ y /σ u (less than 0.6), the traditional calculations for yield strength σ y with a safety factor n y have fundamental value. Where there is subsequent growth of yield strengths σ y and reduction of the safety factor n y , the calculations for ultimate strength σ u with safety factor n u become the determining factors in accordance with Equn 5.
Parameter Symbol Value
Conditions of use factor m However, in this case, the problem remains, not explicitly expressed in Equn 5, that there is an increased risk of buckling and uncontrolled dangerous transition to large plastic strains according to Equn 2, due to the decreased degree of steel workhardening with the simultaneous increase of σ y and σ y /σ u . This finding, in the context of the modern understanding of strength calculations [1, [4] [5] [6] [7] , demanded a step-by-step transition from calculations in stresses σ to calculations in strains e. This approach has already obtained not only scientific validation [7] [8] [9] , but also practical application in the strength standards and codes for nuclear reactors [9] [10] [11] and space rocket systems [12] .
Current problems of substantiating pipeline system strength
At present, four strategic challenges are being tackled in the Russian trunkline oil transportation system:
• the design and construction of new pipelines for the transportation of liquid and gaseous hydrocarbons (including offshore, and in the climatic conditions of Siberia and the Far North); • the extension of active pipeline operation within the limits of modern standards' requirements for strength and durability (for service life) of pipe steels; • the solution to issues in conducting comprehensive technical assessment and repair/ rehabilitation work on pipelines damaged beyond regulatory limits for allowable defects, in order to extend their safe operation within specified time limits; • the withdrawal from operation of facilities where specified operational time limits have been exceeded and dangerous critical and irreparable defects have occurred.
The solutions to these challenges must comply with modern requirements as set down in federal legislation for establishing and guaranteeing industrial safety according to risk criteria, and also with industrial regulations and rules for validating strength, durability, and reliability. Research to resolve the challenges of forming and developing industry regulations and rules for validating pipeline strength, durability, service life, and reliability is centred in the leading scientific institutes of the national pipeline transportation system -Pipeline Transport Institute and VNIIGAZ.
In industry regulations [14] [15] [16] the following assumptions are made:
• the technological inheritance of the manufacturing processes is not explicitly taken into account -including obtaining the primary metal, and making steel plates and pipes in mills and plants; • the mechanical properties of pipe steels are assumed to be unchanging (including limits σ y and σ u ) during pipe transportation, and pipeline construction and operation; • both safety margins n s in Equn 1 and safety factors n y and n u in Equns 2, 4, 5 are assumed to be unchanged for all stages of the pipeline's life cycle; • degradation of pipes and pipelines is mainly as a result of the reduction of wall thickness due to corrosion (general and local) and erosion; • most important for lowering the material consumption is the increase of nominal operational stresses σ n op max , of yield and ultimate strength limits, and decrease in safety factors n y and n u in accordance with Equn 1.
The standard approach by the Pipeline Transport Institute [14] has an important further development in comparison with [2, 3, 15, 16] : pipeline strength and durability are evaluated not only according to nominal stresses σ n op max , but also according to local strains e op max c in the stress-concentration zones which are formed during construction and operation factors (weld joints, defects, corrosion). This forms a standard calculation of pipeline strength by [14] answering both to modern strain criteria [7, 8] and to regulations applied in the nuclear energy and space rocket industries [10] [11] [12] .
Basic directions of development in pipeline strength regulations
Taking into account the above, the direction of computational-experimental analysis of pipeline strength will involve a direct quantitative calculation of degradation and ageing time of pipe steels at various temperatures t and numbers of cycles N, which lead to alteration in the basic design characteristics -yield strength sσ y and ultimate strength σ u : The functional F c {τ, t, σ, e, N} with parameters τ, t, σ, e, N, in fact reflects degradation and ageing processes in pipe steels during sheet and pipe production and transportation, as well as during pipeline construction, testing, and operation.
Despite the enormous quantity of research in manufacturers' laboratories, scientific institutes, design, construction, and operational organizations, and powerful industry research centres in Russia and abroad, there has as yet been no success in obtaining and substantiating this functional F c with its corresponding parameters. Prerequisites for forming a system of initial equations for functional F c are found in [5, 9, 12, 16, 17, 18] .
The knowledge base that has been developed thus far regarding ageing and degradation processes in carbon and lowalloyed steels in time τ can be summarized with the following basic points (Fig.5 ):
• natural ageing (curve 1) of steels in their initial state (e = σ = 0) at room temperature t 0 is characterized by slow growth in yield strength σ y , reaching values of 1.1-1.25 at τ of order 30-40 years; at that the ratio of yield strength σ y (τ) to ultimate strength is reduced;• thermal ageing (curves 2I, 2II) of steels in their initial state (e = σ = 0) at increased temperatures t 1 and t 2 (t 1 > t 0 ; t 2 > t 1 ) leads to accelerated growth in yield strength σ y (τ, t) at the initial stages of ageing treatment (up to 10 3 -10 4 hours) with its subsequent reduction (steel overageing); • strain ageing (curve 3) of coldworked steels where e > 0 even at room temperature t 0 gives less change in σ y (τ, e) than natural ageing; • dynamic ageing (curve 4) for increased temperatures in a plastic strained state (e > 0) under stresses (σ > 0) may initially be accompanied by insignificant growth, but will subsequently see a fall in yield strength σ y (τ, t, e, σ) and ultimate strength σ u (τ, t, e, σ) with a reduction in the degree of pipe steel hardening in the plastic domain.
In all types of ageing (curves 1-4), the ratio of yield strength σ y to ultimate strength σ u increases (owing to a lesser change in the ultimate strength σ u in comparison with the yield strength σ y ).
In standard calculations of strength [10] , areas where yield strength σ y (τ, t, e, σ) is increased due to ageing should not be taken into account, as this goes into the safety margin. In revised and standard calculations of pipeline strength, the following points should be taken into consideration [5] [6] [7] [8] [9] [10] [17] [18] [19] :
• in all ageing and degradation conditions, continuous change in values σ y and σ u according to 
Equations 6 and 7 imply that safety factors n y and n u depend on pipe steel ageing and degradation processes and on time τ, temperature t, cyclic factor N and on stress-strain state (σ − e). This is not explicitly reflected in national [1] [2] [3] and foreign [12] [13] [14] regulations, and must be considered for future development of pipeline strength regulations.
In [2-6, 14, 15] , the experimental analysis was performed for the changes over time of the mechanical properties of pipe steel -first and foremost, for yield strength σ y and ultimate strength σ u according to tensile test results for samples machined from pipes in their initial state and after long-term operation. The time varied from t 0 ≅ 5 x 10 -2 to 3 x 10 5 hours; operating temperature t from -45°C to +50°C; stress σ from 0.6 s y to 1.0 σ y ; and strain e from 0.8 x 10 -3 to 3 x 10 -3 .
Averaged data from these tests showed that reduction in yield strength s y (τ, t, e, σ) over operating time from initial at t 0 to maximum at τ = 3 x 10 5 hours made up 10-15% of yield strengths y . The ratio of yield strength to ultimate strength also increased by 1.15-1.2. This means that the margin n y for yield strength σ y may be reduced by 1.1-1.17, while the margin n u for ultimate strength σ u may be reduced by 1.20-1.25. This corresponds to generalized experimental data from Transneft R&D, LLC, obtained by testing laboratory samples from real operational pipes.
Together with this, it is important to bear in mind that the bulk of damage to pipelines is connected with the defects on the surface layers of the pipes due to corrosion, erosion, and mechanical effects. Standard tensile testing of samples (whose surface layers are removed during preparation) does not permit an evaluation to be made of the effect this type of damage has on strength characteristics σ y and σ u . Other experiments are being carried out with this aim in mind. For example, cyclic bend testing on samples of full-scale thickness with non-machined surfaces showed a reduction of 15-18% in fatigue strength on the basis of N = 10 5-10 6 cycles [19] . This must affect the abovementioned reduction in safety factors n y and n u (up to 10-15%).
One significant factor for the indicated margins n y and n u is the degradation of pipelines as a consequence of reduction in wall thickness δ in time τ due to corrosion and erosion, included in Equn 1 in order to determine nominal maximum operational stresses
. As laboratory experiments show, as well as observations of real metalloss processes during operation due to these mechanisms, the rate of corrosion and erosion reduction in wall thickness dδ/d can be from 0.05-0.1 to 0.3 mm/ year. Where the thickness of the walls is from 10 to 30 mm, the reduction in margins can reach 10-30 %.
Pipe steel ageing and pipe degradation during operation can thus, given an unfortunate combination of all the damaging factors indicated above, lead to a substantial reduction in margins n y and n u , and structural failure according to Equns 1, 6 , and 7. The number of such cases in real operation [4] [5] [6] 17] Crack growth resistance and survivability are and will continue to be key issues in the analysis of pipeline strength, where the initiation and propagation of cracks with technological and operational origins are observed [4-7, 13, 20, 21] . In strength calculations for pipelines with cracks, depth l and length a are used in equations and criteria for linear and nonlinear fracture mechanics [4] [5] [6] [7] [8] [13] [14] [15] [16] . Then the local stress-strain state at the tip of the crack is determined from the solution of the boundary-value problem, using numerical methods [14] with stresses σ is the maximum nominal stress according to Equn 1 K σ  is the effective stress concentration factor in the crack zone.
The value of K σ  is defined using samples with cracks: 
In strength calculation for pipelines with flaws, two basic calculated flaws sizes are introduced:
•  0 -the initial size (depth) of the flaw, as determined by accepted flaw detection (NDT) methods (taking into account their resolution and sensitivity); •  c -the critical size (depth) of the flaw, at which the safety margin n y (or n u ) according to Equn 9 becomes less than unity.
In calculations of  c , cracks take elliptical
Usually surface fractures prove to be the most dangerous.
The second, and most widespread method of evaluating pipeline strength is the evaluation of margins (n y )l, (n u )l by equations and criteria of linear and nonlinear fracture mechanics [4, 8, 11, 20] . In this approach, stress intensity factors are determined with the calculation for given σ 
When a sample or a pipe with a crack fractures, the critical value for stress intensity factor K1 c is reached at the tip of the crack, in accordance with linear fracture mechanics. Thus, in survivability calculations for pipes with cracks, by analogy with Equn 2, the introduction of a margin for stress intensity factor comes to: 
The difference in factors from Equns 10 and 13 should be insignificant.
Where plastic strains arise, rather than the stress intensity factor values K1 and K1 c , the strain intensity factor values should be used.
A generalized analysis of strength, service life, reliability, survivability, and safety for complex technical systems for civilian and defence purposes can be found in the multi-volume series The Safety of Russia [20] .
Conclusions
Standard pipeline strength calculations using allowable stresses and limit states, grounded in decades of national and international practice, are based on the quantitative calculation of safety factors n y for yield strength σ y , and n u for the ultimate strengths σ u . These calculations remain relevant in the present day. The safety factors n y and n u , which were chosen based on overall experience in engineering, constructing, and operating pipelines, tend to decrease step-by-step as working parameters increase -first and foremost, pressure P, diameter D, and wall thickness δ increased, and pipe steel yield strength σ y and ultimate strength σ u grew.
Based on design and experimental work with significant depth and range, carried out in academic and leading industry institutes, a new scientific foundation is being laid for the design analysis and the verification of safety margins using the system of Equns 1-13, presupposing a quantitative account of all basic operational, technological, and construction factors, including the effects of ageing, degradation of pipe steels and pipe, and the formation and development of dangerous damage and flaws (including those caused by corrosion and erosion).
In scientific research and regulation developments carried out by the Pipeline Transport Institute, and VNIIGAZ, significant experimental material has been amassed, allowing safety factors n y and n u to be minimized on the basis of more reliable evidence, both for functioning pipeline systems and for those under construction or at the planning stage.
